Genetic diversity in breeding programs can be impaired by fixation of alleles derived from a limited number of founder lines. This is demonstrated with the use of a solid-stem trait derived from the Portuguese landrace 'S-615' over 70 yrs ago that is widely used to resist the wheat stem sawfly (Cephus cinctus Norton, WSS) in North America. The objective of this study was to evaluate haplotype diversity underlying the Qss.msub.3BL quantitative trait locus (QTL) that controls the majority of the S-615 derived solid-stem genetic variation using single-nucleotide polymorphism (SNP) assays in a diverse set of 228 solid-stem tetraploid and hexaploid wheat accessions originating from areas of the world infested with various species of WSS. Haplotype analysis showed all WSS-resistant hexaploid wheat varieties in North America, except 'Conan', evaluated in this study contain a haplotype associated with the S-615 solid-stem allele. In total, 26 haplotypes were identified among the hexaploid and tetraploid accessions at Qss.msub-3BL. Prevalence of most haplotypes were skewed toward either the hexaploid or tetraploid wheat accessions. The haplotype found in the S-615-hexaploid wheat landrace was not found in the solid-stem tetraploid landrace accessions evaluated in this study. Haplotype analysis revealed several new haplotypes that have potential to contain novel alleles for solid-stems at Qss.msub.3BL, which may form the basis for introducing genetic diversity into breeding programs aimed at WSS resistance.
regional hexaploid wheat populations due to selection for favorable alleles, such as insect resistance, derived from a small number of founder lines that become fixed within a breeding program (Reif et al., 2005) . Although fixation of favorable alleles in a breeding program is beneficial for one trait, the favorable alleles are often inherited from founder parent(s) in a haplotype where the favorable allele is linked to unfavorable alleles at other loci. Lastly, acquiring favorable alleles from a limited number of founder lines may not be representative of all favorable alleles present in the global wheat germplasm. Therefore, evaluating a broad genetic base of wheat breeding material for additional alleles can further enhance the development of improved varieties with desired characteristics.
Wheat breeding programs serving the Northern Great Plains of North America have widely used a form of host-plant resistance to the insect pest WSS that was inherited from S-615 (Cltr 12157), a wheat landrace collected from Portugal (Kemp, 1934) . The S-615 derived WSS resistance is attributed to stems filled with pith, that is, solid stems, that impede WSS larvae development and movement within the stem, thus reducing larval survivability (Wallace and McNeal, 1966) . The solid-stem trait was bred into North American spring wheat germplasm, resulting in the first adapted solid-stem cultivar, 'Rescue' (Cltr 12435), being released in 1946 (Platt et al., 1948) . Development of subsequent WSS resistant spring and winter wheat cultivars adapted to the Northern Great Plains have predominantly used the S-615 solid-stem trait for more than 70 yr as the resistance source. Initial impact of the S-615 background on general varietal performance compared with adapted hollow-stem varieties was very negative; however, over successive breeding generations, the negative association of the solid-stem trait on overall varietal performance has been mitigated (Weiss and Morrill, 1992; Hayat et al., 1995; Cook et al., 2004; Sherman et al., 2015) .
Genetic studies have been used to dissect the genetic architecture of the S-615 derived solid-stem trait. A QTL located on the 3BL chromosome designated Qss.msub.3BL has been reported to be a major QTL associated with the solid-stem trait contributing up to 76% of the total genetic variation for stem-solidness (Cook et al., 2004) . Additionally, a secondary QTL associated with the S-615 derived solid-stem trait was found on chromosome 3DL and was designated Qss.msub.3DL (Lanning et al., 2006b) .
Recently, genetic studies have been implemented to identify novel QTL associated with WSS resistance that are not derived from S-615. Conan (PI 607549), a hard red spring wheat variety, has been shown to have an intermediate level of stem solidness, but exhibits lower levels of sawfly damage than expected (Weaver et al., 2009) . Biparental QTL mapping studies showed that Conan carries a unique allele for sawfly resistance at the previously identified Qss.msub.3BL locus (Sherman et al., 2010; Talbert et al., 2014) . This allele results in lower stem-solidness of mature plants relative to the allele derived from S-615, yet causes increased resistance to the WSS (Talbert et al., 2014) . Further study based on SNPanalysis using an association mapping panel comprised of elite North American spring wheat lines demonstrated the presence of more than one haplotype located at the Qss.msub.3BL locus (Varella et al., 2015) . These results present the possibility that additional novel WSS resistance alleles may exist in the broader wheat germplasm.
To assess the possibility that additional unique haplotypes containing potentially novel WSS resistance alleles are present in the wheat germplasm base, a set of 4288 tetraploid and hexaploid wheat landraces from areas of the world historically impacted by key species of WSS were phenotyped for stem-solidness (Damania et al., 1997; Chen et al., 2004; Shanower, 2004; Shanower and Hoelmer, 2004) . The strategy of targeting geographic areas for focused screening of insect and disease resistance has been employed successfully by other groups (Bhullar et al., 2009; El Bouhssini et al., 2011) . A subset of landrace accessions representing spring and winter hexaploid and tetraploid wheat with ³3.0 stem-solidness level were selected for further analysis of solid stems and screening for unique haplotypes at the Qss.msub.3BL QTL. Our objectives were to (i) determine the extent of phenotypic variation for solid stems in wheat landraces as related to haplotypes at QSS.msub.3BL, (ii) determine whether unique haplotypes at Qss.msub.3BL exist in landraces that complement those identified in elite spring and winter wheat germplasm, (iii) determine whether novel haplotypes exist in tetraploid wheat that could be introduced into hexaploid wheat, and (iv) determine whether unique haplotypes at Qss.msub.3BL were associated with geographic origin of the solid-stem accessions. Our results have implications for broadening the genetic resources available to combat WSS infestation, and reduce lingering founder effects caused by using S-615 as the source of WSS resistance.
Materials and Methods

Wheat Germplasm
A set of 2862 spring and winter hexaploid and 1426 spring and winter tetraploid landraces were obtained from the USDA National Small Grains Collection (Aberdeen, ID). The germplasm originated from geographical regions located around the world known to harbor various species of WSS. Half of the landraces were randomly selected and planted in hill plots using 8 seeds/ plot seeding rate at Loma, MT, and the other half were planted in hill plots at Amsterdam, MT, during the 2014 growing season for preliminary phenotypic screening for solid-stem trait expression. The landraces were assayed for solid stems by taking a cross-section of the third or fourth internode of two stems per plot. Data were recorded on a 1 to 5 scale, where 1-2 was considered hollow and ³3.0 was solid. A subset of 212 landrace accessions scored as having ³3 solid-stem score representing the Iberian Peninsula, North Africa, Levant, Persian Gulf States, South/Central Asia, Europe, Sub-Saharan Africa, and North/South America were selected for further analysis of solid-stem and haplotype diversity (Table  1) . Additionally, 13 spring hexaploid accessions that were evaluated in Varella et al. (2015) , and three spring tetraploid accessions were also included. The 212 landrace accessions and 16 additional hexaploid and tetraploid accessions were placed in three groups designated spring hexaploid wheat (93 entries), spring tetraploid wheat (84 entries), and winter tetraploid and hexaploid wheat (64 entries). Four check varieties were included in each group where the spring groups included 'Vida' (PI 642366, Lanning et al., 2006a) , 'Fortuna' (CI 13596; Lebsock et al., 1967) , 'Choteau' (PI 633974; Lanning et al., 2004), and 'McNeal' (PI 574642; Lanning et al., 1994) . The winter group included 'Genou' (PI 640424; Bruckner et al., 2006) , 'MTS0531' (GSTR 14200), 'Judee' (PI 665227; Carlson et al., 2013) , and 'Yellowstone' (PI 643428; Bruckner et al., 2007) as checks. A complete list and accompanying information related to the entries and check varieties can be found in Supplemental Table S1 .
Solid-Stem Phenotyping
Both the spring hexaploid and tetraploid wheat groups were grown and analyzed separately using an augmented design in which the experimental entries were randomly assigned to one of three blocks, and the four checks were added randomly to each of the three blocks, replicating each check three times within a group (Wolfinger et al., 1997) . The spring hexaploid and tetraploid wheat groups were planted at two locations, one at the Arthur H. Post Research Farm near Bozeman, MT, and the other at the Montana State University-Bozeman Plant Growth Center during the 2015 growing season. The winter hexaploid and tetraploid group was also planted in an augmented design in which the entries were randomly assigned to one of three blocks, and all check varieties were added randomly to each of the three blocks replicating each check three times within the group (Wolfinger et al., 1997) . Because of the inability of winter landrace accessions to survive Bozeman, MT, winters, two sets of the winter wheat group were planted in one location at the Montana State University-Bozeman Plant Growth Center during the 2015 growing season.
Entries in the spring groups were planted at the Arthur H. Post Research Farm field location in a singlerow 2 m plot using a 10 g/plot seeding rate. The spring and winter experimental groups were planted at the Montana State University-Bozeman Plant Growth Center in a single 17.8-cm-diam. pot representing an individual plot that contained six plants. For solid-stem evaluation the main stem of five plants from each single-row plot and pot were individually collected at maturity in late August to assess stem-solidness. For each stem, a crosssection was made at each internode and was rated for stem-solidness. The solid-stem phenotypic scale was 1 to 5, with 1 being a completely hollow internode and 5 being a completely solid internode. To obtain a final score of stem-solidness, the ratings of the five internodes were summed to provide a total solid-stem score ranging from 5 (hollow) to 25 (solid) for each stem (Cook et al., 2004) .
DNA Preparation and KASP Marker Assay
DNA was extracted from young leaf tissue using a modified ammonium acetate extraction protocol (Chao and Somers, http:// maswheat. ucdavis. edu/ PDF/ DNA0003. pdf, accessed February 2014, verified 8 Nov. 2016) based on the procedures of Pallotta et al. (2003) . Eighteen Illumina 90 K SNP markers located in the Qss.msub.3BL region reported to be associated with solid stems in Varella et al. (2015) were selected for conversion to the Kompetative allele-specific polymerase chain reaction (KASP) platform for haplotype analysis (Myakishev et al., 2001 Table  S2 ). Based on genetic distances provided by Cavanagh et al. (2013) , the nine markers span an 8.4 (136.3-144.7) cM region on the 3B chromosome (Supplemental Table S2 ). Protocols for the preparation and running of KASP reactions, and PCR conditions are given in the KASP manual (http:// www. kbioscience. co. uk/ ). All KASP PCR reactions were performed on the Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA), and biallelic calls were made using the Bio-Rad CFX Manager software version 3.1 (Bio-Rad, Hercules, CA). The allelic calls from each KASP marker were labeled "allele 1," "allele 2," "heterozygote," and "no call," which indicates no marker amplification after multiple attempts.
Statistical Analysis
Solid-stem data acquired from the field and greenhouse trials was subjected to ANOVA for each location. The model used was that for an augmented design where the check entries were assigned randomly within blocks. Methods were described in Wolfinger et al. (1997 ) using PROC MIXED in SAS version 9.3 (SAS Institute, 2012 . The blocks and entries were considered random effects. Best linear unbiased predictors (BLUPs) were obtained for solid-stem score for all entries in each location. An ANOVA was then conducted using the BLUP values for the entries from each location, and each location serving as a block using PROC GLM in SAS. The BLUP values were treated as fixed effects and mean values for solid-stem scores were obtained for all entries. The LSD was calculated among the checks in each group using PROC GLM in SAS to provide mean separation among the solid-stem scores. Lastly, the Shapiro-Wilk test for normality was calculated using PROC UNIVARIATE in SAS to determine the goodness-of-fit of the solid-stem scores to a normal distribution.
Results
Phenotypic Evaluation of Solid Stems
A preliminary study was conducted to characterize solidstem levels among 2862 spring and winter hexaploid wheat landraces and 1426 spring and winter tetraploid wheat landraces from eight global geographical regions for solid stems. A total of 515 spring and winter hexaploid landraces, and 366 spring and winter tetraploid landraces were not characterized, because the landraces failed to mature. Table 1 shows the number of solid-stem landraces (solidstem score ≥ 3) observed from each region. Landraces scored as solid stemmed were broadly distributed among the eight regions. Solid stems were observed in 739 (70%) of the tetraploid landraces versus 473 (20%) of the hexaploid landraces. Overall, a subset of landraces from this initial study, plus currently grown cultivars, were selected for further phenotypic and haplotype diversity analysis using replicated augmented experimental designs. Significant genetic variation (P < 0.05) was observed for stem-solidness among the subset of accessions included in the winter tetraploid and hexaploid, spring tetraploid, and spring hexaploid groups when averaged over environments (Table 2 ). The solid-stem means were significantly higher when evaluated under dryland field conditions versus greenhouse conditions (Table 2) . Solidstem scores were tested for normality using the ShapiroWilk test and found both the spring tetraploid (P = 0.54) and winter hexaploid and tetraploid (P = 0.13) groups failed to reject the null hypothesis that the data fit a normal distribution. The spring tetraploid group had the largest range of solid-stem scores (6.5 to 24.7) compared with the winter tetraploid and hexaploid group having the narrowest range of solid stem scores (7.9-14.3; Fig. 1 ). 
Evaluation of Haplotypes Corresponding to the Qss.msub.3BL Region
Haplotype analysis using nine KASP assays identified 26 unique haplotypes labeled A to Z among the genotyped accessions (Fig. 2) . Haplotype A was found in Rescue, the first-released North American solid-stem variety, three spring solid-stem hexaploid checks (Vida, Fortuna, and Choteau), and three winter solid-stem hexaploid checks (Genou, MTS0531, and Judee), all known to have the S-615 derived Qss.msub.3BL solid-stem allele using the microsatellite marker gwm340 (Cook et al., 2004 a relatively high frequency of 14.5%, with 28 hexaploid accessions and five tetraploid accessions found to have the haplotype. Haplotype C was present in six lines with solid-stem scores ³15.0 (Fig. 2) . Three unique haplotypes, G, I, and J, were found primarily in hexaploid wheat with 12, 11, and 7 hexaploid wheat accessions having the respective haplotypes. Conversely, unique haplotypes D, E, F, and H were found in tetraploid accessions at higher frequencies than in hexaploid wheat accessions with 41, 15, 30, and 6 tetraploid experimental accessions having the respective haplotypes. The remaining 16 unique haplotypes occurred at <3.0% frequency among the accessions tested. Haplotype D was present with the highest frequency of 19.4% among the tested accessions. Solid-stem variability was found among accessions with the same haplotype. Spring hexaploid check varieties Vida, Fortuna, and Choteau all have Haplotype A, however solid-stem scores among the three checks ranged from 13.2 to 17.4 in the spring hexaploid experiment. Additionally, winter tetraploid and hexaploid checks Genou, MTS0531, and Judee also have Haplotype A with solid-stem scores that ranged 10.4 to 14.0. An LSD was generated for the spring and winter check varieties and showed significant variation among the check solid-stem scores (Fig. 2) . Solid-stem scores among 29 hexaploid spring wheat accessions with Haplotype A ranged from 12.2 to 17.5 with an overall mean of 14.4 was similar to the variation found among the checks. Solid-stem scores among 18 spring hexaploid accessions identified to have Haplotype C ranged from 9.6 to 16.6 with a mean of 12.8 (Fig. 2) . The most solid-stem score variation was found among spring tetraploid accessions with Haplotypes D and F that ranged between 9.2 to 20.8 and 10.8 to 24.7, respectively. Overall means among the spring tetraploid accessions for Haplotype D was 16.0 and 16.6 for Haplotype F.
Geographical distribution of each haplotype was determined by grouping the accessions into ploidy levels, hexaploid versus tetraploid, and into eight regions: Iberian Peninsula, North Africa, Levant, Persian Gulf States, South/Central Asia, Europe, Sub-Saharan Africa, and North/South America. Overall, haplotypes that occurred at a frequency > 3.0% among accessions were found in three or more regions (Fig. 3) . The 31 hexaploid accessions possessing Haplotype A occurred in seven out of the eight geographical regions including the Iberian Peninsula, which is the source of S-615. Hexaploid accessions found to have Haplotype C originated from six out of eight regions. The region with the greatest number of haplotypes among hexaploid accessions was the Iberian Peninsula with 10 haplotypes. Among the tetraploid accessions, Haplotype D was the most broadly dispersed haplotype, with 41 accessions originating from seven of eight regions. Haplotype F, present in 31 tetraploid accessions, was found in six of eight regions. The region with the greatest number of haplotypes among tetraploid accessions was the Levant, which had eight haplotypes.
Discussion
Genetic diversity in a breeding program is essential for sustainable varietal improvement for disease and insect resistance. It has been recognized that new sources of WSS resistance, such as new Qss.msub.3BL resistance alleles or additional novel resistance genes, need to be identified to enhance resistance to WSS in future varieties (Weaver et al., 2009) . Multiple disease resistance alleles at a locus often express different patterns of resistance to defend against infection from specific races of a pathogen (Ellis et al., 1999; Bhullar et al., 2009 ). Similar results have been reported for insect resistance QTL (Kroymann et al., 2003; Brachi et al., 2015) , where alleles express different patterns of resistance that relate to insect abundance and biotype diversity (Züst et al., 2012) . Because species of WSS have been a long-standing problem in many areas of the world, there is the potential that alleles for solid-stem WSS resistance at the Qss.msub.3BL QTL may exist beyond the two alleles already identified. Discovery of new haplotypes will provide guidance for selecting accessions that could be useful for enhancing current sources of WSS resistance in wheat breeding programs developing WSS resistant varieties.
Substantial haplotype diversity was found among the tetraploid and hexaploid winter and spring accessions with 26 (A to Z) unique haplotypes identified (Fig. 2) . Haplotypes A, B, and C were found in accessions known to carry the Qss.msub.3BL solid-stem S-615 allele, Conan allele, and hollow-stem allele, respectively, with all other haplotypes being novel. Haplotype A was found among North American hexaploid solid-stem WSS resistant spring varieties Rescue, Vida, Fortuna, Choteau, and the winter lines Genou, MTS0531, and Judee. Conservation of Haplotype A underlying the Qss.msub.3BL QTL among tested solid-stem hexaploid wheat lines subsequently derived from Rescue indicates no recombination has occurred in Haplotype A over the past 70 yr of breeding for solid-stem WSS resistance in North America.
Prevalence of the unique haplotypes identified among the accessions was skewed between the hexaploid and tetraploid groups. (Fig. 2) . Frequency differences of a haplotype in one wheat ploidy level versus the other is not unexpected, because of the bottleneck effect caused by the polyploidization event separating hexaploid and tetraploid wheat and the domestication process (Dubcovsky and Dvorak, 2007) . Despite the polyploidization bottleneck, gene flow can still occur among the wheat ploidy levels when they are sympatric (Dubcovsky and Dvorak, 2007) . This is demonstrated by the prevalence of Haplotypes C, D, F, G, and H occurring at high frequencies in one ploidy level versus low frequencies in the other ploidy level.
Haplotypes that occurred at a frequency > 3.0% among all accessions were found in three or more geographical regions (Fig. 3) . Haplotype A, which corresponds to the S-615 Qss.msub.3BL solid-stem allele and is only found in hexaploid wheat, was widely distributed but most prevalent in the North Africa region and more specifically was primarily found in landraces collected from Morocco. Among the regions from which hexaploid landraces were derived the Iberian Peninsula was found to have the greatest haplotype diversity with 10 haplotypes being identified. Among the tetraploid experimental accessions, the region with the greatest haplotype diversity among tetraploid accessions was the Levant, which had eight haplotypes. Interestingly, regions known to have significant WSS populations include the Iberian Peninsula and the Levant (Shanower, 2004) .
Several of the haplotypes exhibited a broad range of solid-stem scores, suggesting individual accessions with the haplotype contain unique combinations of alleles at different genes that influence stem-solidness (Fig. 2) . Similar phenotypic distributions of the solid-stem trait have been observed among progeny that were derived from parents containing the S-615 solid-stem trait (Cook et al., 2004; Lanning et al., 2006b) . Surprisingly, Haplotype C, which corresponds to the hollow-stem check varieties, contained an accession with a combined solidstem score that exceeded 16, suggesting the accession contains novel solid-stem alleles at locus or loci different from Qss.msub.3BL. Haplotypes with the largest range of solid-stem scores were identified among the spring tetraploid accessions, with Haplotypes D and F having a solid-stem score difference of 11.6 and 13.9, respectively (Fig. 2) . Variation potentially attributable to novel solidstem alleles may complement or be an alternative to the solid-stem alleles derived from S-615.
Currently, the S-615 solid-stem trait that is primarily controlled by the Qss.msub.3BL QTL, and corresponds to Haplotype A in this study, is widely used in heaxaploid wheat in the Northern Great Plains of North America to provide resistance to WSS. Recent studies have identified a second novel Qss.msub.3BL allele in the variety Conan that has lower levels of stem-solidness that conveys a unique resistance response to WSS causing higher WSS resistance (Sherman et al., 2010; Talbert et al., 2014) . Research has been performed to bridge the polyploidization bottleneck between Triticum durum and T. aestivum by incorporating a solid-stem trait found in T. durum into T. aestivum that has shown promise for providing additional WSS resistance in hexaploid wheat (Beres et al., 2013) . Results from our phenotypic and haplotype analysis support the observation that additional sources of WSS resistance provide opportunities to expand the genetic resources beyond the use of the S-615 alleles for the solid-stem trait. Broadening the genetic resources available to combat WSS infestation will help disrupt lingering founder effects caused by using S-615 as the source of WSS resistance, and the apparent lack of recombination within the haplotype underlying the large effect Qss.msub.3BL solid-stem QTL.
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